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The effects of building leakage on heat and mass transfer in buildings are difficult to model due to the difficulty in 
knowing crack size, shape, position, and number.  Nevertheless, interest remains high in the estimation of crack 
areas in buildings because of the important effects cracks have on infiltration, indoor air quality, building energy 
performance, and because of interest in exploring mitigation/ventilation strategies. We show how a steady-state 
model is developed that can provide fast estimation of the crack areas for a test facility. The facility is then modeled 
in CONTAM to perform simulations and make prediction of overpressure values using the set of estimated crack 
areas determined from the above model. Comparisons are made between the CONTAM model predictions and 
experimental results in terms of overpressure, and good agreement is achieved. The experimental overpressure 
ranges from 3 Pa to 155 Pa, covering the normal range of overpressure in commercial and residential buildings. The 
method outlined in the present work can be extended to estimate crack areas of the openings in multizone 
pressurization tests.  Further, this method holds promise in filling the knowledge gap of interzonal leakage in 




Building leakages have been studied for more than one century (Shaw, 1907). Building leakage information, as an 
indicator of the building airtightness, is important for the estimation of air/contaminant infiltration and exfiltration, 
evaluation of indoor air quality and building energy performance, and exploration of mitigation/ventilation 
strategies. In some previous practice, detailed and fairly accurate crack area measurement was obtained for each 
opening in a test facility and expressed in quadratic flow equations (Etheridge, 1977; Baker et al., 1987). This 
approach is time consuming and can be inadequate, especially in light of the randomness of crack shape and size 
distribution. In reality, a fast and reasonable estimation method for predicting building leakage is highly desirable. A 
software, CONTAM, developed by National Institute of Standards and Technology was reported to be capable of 
facilitating building simulations by other researchers (ASHRAE handbook, 2009). However, it was also suggested 
that further empirical and/or inter-model comparisons are needed to fully demonstrate the validity and reliability of 
CONTAM. The goal of the present study is to develop a fast estimation model to provide reasonable prediction of 
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2. TEST FACILITY, EXPERIMENTS AND SIMULATION 
 
2.1 Basic Information 
A fixed facility representative of a typical office building (Figure 1(a)) was constructed in a well-sealed hangar and 
subject to external chemical simulant challenges using triethyl phosphate (TEP), to determine impact of common 
building configurations on overall fixed facility toxic-free area (TFA) performance. 17 experimental trials were 
performed at an array of typical wind speeds (0 – 11.18 m/s) and internal overpressures (0 – 155 Pa). In each trial, 
six fans were mounted above the facility to provide mixing, and a wind machine was used to provide a specific wind 
speed. A trailer-mounted HVAC system, positioned beside the test facility inside the hangar, was used to provide a 
specified internal overpressure. The trailer was fitted with a HEPA filter and granular activated carbon (GAC) 
cartridge to mitigate TEP transport by the HVAC system.  All doors and windows of the facility were closed and 
cracks around doors sealed with additional gasketing. After the internal overpressure was maintained near steady 
state for some time, Miniature Infra-Red gas Analyzers (MIRANs) and Miniature Chemical Agent Monitoring 
Systems (MINICAMS) were used to measure background outdoor and indoor contaminant concentration 
respectively. After assessing background levels, a chemical contaminant disseminator was cycled on and off to 
maintain outdoor contaminant concentration near 200 mg/m3. Outdoor TEP concentration was subsequently 
monitored by MIRANs and indoor contaminant concentration monitored by MINICAMS for 90 to 130 minutes, 
depending on the trial run. Pressure drop in each air supply duct, and differential pressure between the facility and 
ambient environment and between adjacent indoor zones was monitored with a differential pressure transmitter 
(Dwyer, Model 616W-0-LCD) (Figure 1(d)), with a full span accuracy of ± 0.25%. Thus, experimental data 
collected through the above experiments included air volume flow rate through each air supply duct, pressure 
difference between different zones, and contaminant concentration in each zone. These experimental data will be 
used in the following modeling and validation work.  The values listed in Table 1 are normally average values of air 
volume flow rate from t=0 (the moment when outdoor challenge started) for 17 test cases. In this table, the trials are 
organized in ascending order of overpressure and ambient wind speed, and the notation of each trial follows this 
rule: wind speed (unit: mph)-leakage level (Low, Moderate, High)-overpressure (unit: iwg). PI unit for the wind 
speed and overpressure is used not only because the data were collected in PI unit, but also for the ease of notation. 
For example, 0-M-0.02 for trial 9 means there is no wind speed, moderate leakage and an overpressure around 0.02 
iwg (5 Pa), and 25-M-0.3 for trial 15 means there is a wind speed of 25 mph (11.18 m/s), moderate leakage and an 
overpressure around 0.3 iwg (75 Pa).  In addition, overpressure values (unit: Pa) are shown in Figure 4 (Section 3.3). 
 
Table 1: Summary of supply air volume flow rate in each zone 
 
TRIAL  TEST CONDITION 
ZONE 1  ZONE 2 ZONE 3 ZONE 4 ZONE 5 
(m3/s)   (m3/s)   (m3/s)   (m3/s)   (m3/s) 
9  0‐M‐0.02  0.0000 0.0000 0.0348 0.0642 0.0585 
14  15‐M‐0.03  0  0 0 0.0268 0.0452 
6  0‐M‐0.05  0.0000 0.0869 0.2748 0.0920 0.1846 
8  5‐M‐0.05  0.0000 0.0306 0.1210 0.1025 0.1105 
10  15‐M‐0.05  0.0000 0.0302 0.1113 0.0727 0.1246 
18  25‐M‐0.05  0  0 0.0030 0.0884 0.1285 
4  0‐M‐0.1  0.0225 0.1326 0.5313 0.0970 0.2018 
5  5‐M‐0.1  0.0210 0.1312 0.4816 0.0864 0.1480 
7  15‐M‐0.1  0.0048 0.1377 0.5044 0.1452 0.2610 
17  25‐M‐0.1  0.0005 0.0870 0.1728 0.1194 0.1125 
1  0‐M‐0.2  0.0352 0.0557 0.2058 0.0420 0.0845 
2  5‐M‐0.2  0.0337 0.0520 0.1967 0.0350 0.0737 
3  15‐M‐0.2  0.1274 0.2083 0.7346 0.1707 0.2345 
16  25‐M‐0.2  0.0907 0.1836 0.7152 0.1923 0.4010 
15  25‐M‐0.3  0.0365 0.2582 0.7354 0.2496 0.5196 
11  0‐M‐0.5  0.2522 0.3676 1.4462 0.3465 0.6768 
12  0‐M‐0.5  0.3339 0.3612 1.2756 0.3260 0.1164 
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2.2 Simulation Boundary Conditions 
The test facility shown in Figure 1(a) is represented approximately as shown in Figures 1(b) and 1(c) in the CFD 
model, and Figure 1(d) in the CONTAM 3.0 model. There are six fans in the hangar to achieve better mixing, as 
shown in Figure 1(b). The facility walls are assumed perfectly sealed and all the doors and windows remain closed. 
The contaminant is taken to be TEP, and it is assumed to be maintained at a known, near-constant concentration in 
the hangar, which varies from trial to trial within the range of 180 mg/m3 to 250 mg/m3. Because the GAC cartridge 
is not capable of removing 100% of influent TEP, contaminated air was transported into the test facility by the 
HVAC system and supplied to each zone. The wind speed generated by the wind machine and six ceiling fans can 
be specified for each experimental trial. The air volume flow rate is specified through each air supply duct to 
maintain a specific overpressure in each zone of the facility. It is necessary to estimate the appropriate crack areas at 
the given air flow rates, because overpressure values are dependent on them.  
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Figure 1: a1, a2) Photographs of the testbed, b) 3D representation of the testbed, c) 2D representation of the testbed, 
and d) 2D representation of the testbed in the CONTAM 3.0 interface. The 3D/2D models are drawn to our best 
estimate of the facility, as is the location of the contaminant source. 
 
3. MODELING AND VALIDATION 
 
3.1 Background 
There is a relatively quick and inexpensive fan pressurization testing method to evaluate envelope airtightness of 
any multizone building, that requires the partitions (internal doors and windows) to be kept wide open so that a 
relatively uniform pressure difference across the entire building shell can be achieved. Then building effective air 
leakage area LA  (cm
2), as an indicator of building envelop airtightness, can be calculated as follows(ASHRAE 
handbook, 2009), 








ρ Δ=  (2) 
where rQ is the corresponding airflow through opening at rpΔ (m3/s); rpΔ  is a reference pressure difference (Pa), 50 
Pa is often recommended; c is the flow coefficient (m3/(s·Pan)) normally curve fitted from experimental data; n is a 
dimensionless pressure exponent, typically between 0.6 and 0.7; ρ is the air density (kg/m3); DC  is the 
dimensionless discharge coefficient, DC =1.0 at 4 Pa and DC =0.611 at 10 Pa.  
 
In the current study, the contaminant transport is monitored in a multizone facility with well–sealed internal 
partitions. Therefore, the fan pressurization testing method is not appropriate for recreating the field test conditions, 
due to the following reasons: 1) the openings in the field test were kept closed so pressure distribution was not 
relatively uniform in the building shell; 2) partition effects cannot be addressed because this method only evaluates 
the overall building envelop airtightness instead of evaluating individual opening leakage. In view of the limitation 
of the fan pressurization testing method, modification of the above method is necessary to predict building 
overpressure, airflow through cracks, and contaminant concentration in each zone.  
 
Another method was utilized to determine ventilation rate in each zone, where crack area of each opening was 
controlled and measured fairly accurately and also estimated from a quadratic model, and a comparison was made 
(Etheridge, 1977; Baker et al., 1987). The shortcoming of this method is that it took extra human resources to 
perform such time-consuming measurements, which seems to be impractical in multi-floor buildings.  
 
3.2 Determining Crack Area in Each Opening 
In light of the above-mentioned needs and the limitation of existing practice, a model capable of providing detailed 
crack area information in each opening has been developed to better simulate the experiments. The model consists 
of three parts: 1) estimation of filter efficiency (not within scope of the present paper); 2) estimation of crack area in 
each opening (see current section); 3) empirical validation of the CONTAM 3.0 model utilizing the estimated crack 
areas against the experimental overpressure data (see Section 3.3).  
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A steady-state model has been developed for the sufficient-overpressure situations (trials 1-12 and 15-17, see Table 
1), based on the following considerations: 1) air flow mass conservation in each zone; 2) contaminant flow mass 
conservation in each zone; 3) adoption of a modified leakage function: 
  n crackQ c p A= Δ  (3) 
to calculate the air flow between two zones driven by known pressure differences, and the flow coefficient c and 
flow exponent n were to be determined; 4) the steady-state contaminant concentration ( fc ) is determined by the 
filter efficiency η and ambient contaminant concentration,  i.e., ( )1f outc cη= − , where outc  is the ambient 
contaminant concentration. So fc  is a known parameter when η  was estimated and outc can be provided from 
experimental data.  
 
It is noteworthy that a modified leakage function n crackQ c p A= Δ  was adopted, where a power-law function is still 
taken instead of a quadratic form (Walker et al., 1998), and the involvement of crack area in crackA  is reasonable, 
because equation (3) is actually a modified representation of equation (2). 
 
The air and contaminant flow direction in the testbed for the sufficient-overpressure (≥ 3 Pa, as observed from trials) 
trials is illustrated in Figure 2. Since sufficient overpressure prevails, ambient contaminant infiltration cannot occur, 
so air and contaminant flow from the supply duct will eventually exfiltrate the testbed, as can be seen from Figure 2 
and Figure 3. The air flow rate into and out of each zone, and crack area of each opening are notated in Figure 3. In 
this paper, it is assumed that all seven windows, two exterior doors, and five interior doors are of a constant crack 
area, respectively. Hence, it is necessary to determine three crack areas, a flow coefficient, c, and an exponent, n. A 
least-squares minimization (LSM) was performed using Engineering Equation Solver (EES), where 






−∑∑  was minimized to determine the five parameters, and the results are shown in Table 2. The 
“14” in the above expression refers to the 14 trials used (trial 3-12, 14-16, 18; trials 1, 2, 17 were found to be 
“outliers” following the same procedure prior to selecting the 14 trials), and the “5” refers to five volume-flow-rate 
measurements in each trial; the subscript “exp” denotes experimental volume flow rate, and “est” denotes estimated 
volume flow rate. The crack areas in Table 2 were found to suit moderate- to high- overpressure trials, but not low-
overpressure cases. This is because at moderate to high overpressures, a single power-law functional 
form nQ c p= Δ covering a large overpressure range can agree well with a functional form 1/21Q K p= Δ for fully 
developed turbulent orifice flow, but normally deviates from a linear form 1Q K p= Δ for fully developed laminar 
orifice flow at low overpressures (Walker et al., 1998). A modification was made to extend the model to low-






−∑∑ for trials 8-10 at low 




n n nRMS Q Q M= −∑ was used as an 





Figure 2: Illustration of the air flow direction in the facility 
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Figure 3: Illustration of the quantities involved in the EES program 
 














RMS1 RMS2 RMS3 RMS4 RMS5 c n 
Value 265.80 77.44 52.28 0.07986 0.03622 0.1665 0.04245 0.07055 0.45 0.7
 














RMS1 RMS2 RMS3 RMS4 RMS5 c n 
Value 88.96 77.88 59.60 0.05649 0.01341 0.02118 0.04184 0.02862 0.96 0.9
 
3.3 Empirical Validation of the CONTAM 3.0 Model 
Through the above analysis and modeling, every parameter has been reasonably fixed, i.e., testbed geometry of each 
zone, constant ambient contaminant concentration, ambient wind speed and direction, supply air flow rate in each 
zone, filter efficiency(not within scope of this paper), and crack area of each opening. A CONTAM 3.0 model was 
constructed using the above information, and empirical validation of the CONTAM 3.0 model was performed. In 
CONTAM, crack type was set as “leakage area data” in the category of “one-way flow using power-law models.” 
For moderate- and high- overpressure cases, reference conditions are set as follows, discharge coefficient: 0.611(1), 
flow exponent: 0.65 and pressure difference: 10 Pa(4 Pa); for low-overpressure cases, reference conditions are: 
discharge coefficient: 0.96, flow exponent: 0.9 and pressure differences are set according to the experimental 
overpressure values. Selected representative comparisons are shown in the following Figure 4 between CONTAM 
3.0 prediction of overpressure values and experimental data for low-, medium- and high- overpressure cases, 
respectively. In Figure 4, values in zones are experimental (simulated) overpressures based on corresponding 
ambient wind pressure profile.  The amibient wind pressure profile was estimated from CFD simulations for this test 




             (a1) Experimental overpressures (Pa) in trial 8              (a2) Simulated overpressures (Pa) in trial 8 
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             (b1) Experimental overpressures (Pa) in trial 4              (b2) Simulated overpressures (Pa) in trial 4 
 
    
        
           (c1) Experimental overpressures (Pa) in trial 11             (c2) Simulated overpressures (Pa) in trial 11 
 
Figure 4: Empirical validation using calculated crack areas in Table 2 and Table 3 
 
A summary of the prediction accuracy in terms of percent deviation of overpressure is presented in Table 4, and it 
can be seen that there is good agreement (83.3% of the results within ±30% deviation) for zone 2, 3, 4 and 5; the 
large deviation for the other 16.7% of the results is mainly due to the discrepancy between reality of non-uniform 
pressure distribution at relatively low volume flow rate and the well-mixing assumption in CONTAM model. The 
reason for the large deviation in zone 1 is that air flow rates in zone 1, 2 and 4 (of the same geometry) are different, 
yet the crack areas are assumed to be the same in the model, thus leading to the big deviation. The big deviation in 
zone 6 is due to the fact that there was no air flow rate into this zone, and thus no information was considered in the 
LSM, so zone 6 was underrepresented. In trial 14 and 18, there occurred TEP infiltration, and the flow field was too 
complicated to be relatively uniform(ASHRAE handbook, 2009), thus it is not valid to simulate these two cases 
using CONTAM 3.0 under intrinsic well-mixing assumption of each zone in the software. The purpose of simulating 
trial 14 and 18 is to check qualitatively the flow direction in the zones for future improvement, as shown in Figure 5. 
 
Table 4: Percent deviation of CONTAM 3.0 overpressure prediction 
 
        Zone 
Trail 
zone 1 zone 2 zone 3 zone 4 zone 5 zone 6 
area a area b area c 
trial 3 -4.3% 16.1% -10.5% -8.6% 14.7% 3.1% -32.1% -38.0% 
trial 4 -32.2% 25.6% 21.9% 4.0% 24.0% 1.6% 1.7% -29.1% 
trial 5 -42.4% 10.6% -6.2% -13.6% 7.1% -13.8% -24.8% -41.0% 
trial 6 -59.5% -0.7% -15.8% -28.5% 0.0% -14.7% -3.3% -17.0% 
trial 7 -63.5% 41.4% -26.6% -15.9% 39.6% 27.1% 25.8% -29.6% 
trial 8 -25.8% 12.8% -26.0% -28.6% -11.1% 30.2% 24.5% -20.3% 
trial 9 -61.0% -41.7% -52.2% -68.1% -21.4% 10.4% -9.8% -57.1% 
trial 10 -38.2% -5.6% -67.6% -60.6% -11.5% 15.4% 24.8% -34.2% 
trial 11 -9.6% 5.0% 2.4% 0.4% 5.7% -1.6% -1.9% -57.4% 
trial 12 -11.9% -10.2% -14.4% -16.5% -11.5% -15.6% -67.1% -59.1% 
trial 14 -81.6% -150.0% -97.4% -92.8% -76.0% -21.9% -35.7% -88.9% 
trial 15 -65.9% 3.2% -35.2% -22.8% -6.0% -5.2% 7.5% -56.4% 
trial 16 -35.3% 7.2% -32.4% -16.3% 10.6% 3.8% 10.7% -48.6% 
trial 18 -75.0% -109.1% -88.1% -69.8% -62.2% -8.1% -1.5% -74.8% 




  c       
a  b  
 
    
 
  c       




  c       




  c       
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            a) Simulated flow direction for trial 14                                  b) Simulated flow direction for trial 18 
 
Figure 5: Simulated flow direction for trial 14 and 18 
 
It should be noted that the above-mentioned agreement is achieved by assuming that each type of opening is of the 
same crack area, while in reality, this assumption may not necessarily be true. A possible improvement would be to 
introduce an area-modification factor crackK  in leakage function 
n
crack crackQ c p A K= Δ , to better mimic the variation 
of crack area in each opening. For the present test facility, there are fourteen openings, so there will be fourteen 
area-modification factors, and one flow coefficient c and exponent n, thus there will be sixteen parameters to be 




• A model was developed for fast effective estimation of the crack areas in a test facility. 
• The introduction of a modified leakage function n crackQ c p A= Δ  can provide estimation of both exterior and 
interior crack area, and also provide leakage information between inner zones, which holds promise to fill 
the knowledge gap in interzonal leakage for multizone buildings. 
• Good agreement was achieved for using crack areas obtained through least-squares minimization. Some 
necessary modification was made for low-overpressure cases, which makes the model hold for an 
overpressure range of 3 Pa to 155 Pa. 
• The general validity of the continuity equation and the power-law relationship for the leakage function, 
make it easy to see that, as long as volume flow rate and overpressure measurement can be provided, and 
ambient wind pressure reasonably estimated, the present model can be applied to any multizone building 
within a very large overpressure range.  
• CONTAM as a multizone simulation software based on well-mixing assumption, has been empirically 
validated in terms of overpressure prediction for the present study. The crack areas obtained above will be 




Acrack crack area (cm2/m2)  Subscripts 
c flow coefficient (m3/(s·Pan)) est estimated  
CD discharge coefficient                  (-)                                                  exp experimental 
Kcrack area-modification factor (-)                                                  L leakage 
n flow exponent (-) r  reference 
Q                                  volume flow rate                        (m3/s)                                             
Δp                                differential pressure                   (Pa) 
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